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MICRO DEFECTS IN SILICON WAFERS 



The invention relates to an apparatus and method for detecting micro defects 
in semiconductors or silicon and particularly, but not exclusively, in part- 
processed or bulk silicon. 

Developments in crystal growth have enabled the production of silicon wafers 
free from dislocation. However, dislocation free wafers may not be able to 
remain this way after the wafers are subjected to high temperature processing. 
Defects formed within the device active region in the wafer and defects 
produced in the gate oxide generally degrade device performance, lead to 
yield losses and reliability problems. This invention can be used to locate 
and measure the electrical activity of these defects. 

Transition metals, which are fast diffusers in silicon, readily form deep levels, 
ie away from the valance or conduction band edge, and also lead to 
decoration of both point and extended defects which eventually lead to device 
failure. These transition metal impurities also form recombination centres 
and traps which can dramatically reduce carrier lifetime and can also act as 
dark current generation sites, ie in the absence of light, charge leakage will 
occur. Gettering techniques, where mechanical damage, such as abrasion, is 
typically undertaken in order to provide a damaged site, which effectively 
acts as a sponge shaking up impurities in the wafer, have been developed to 
remove transition metal impurities from the device active areas. It therefore 
follows that the aforementioned damage is deliberately targeted to an area in 
the wafer remote from the electrical device. Thus internal gettering 
techniques introduce defects in the silicon substrate which attract unwanted 
impurities away from the device areas. Gettering sites need to be 



characterised to control their distribution for different process conditions, a 
task which can be performed with the present invention. 

Epitaxial silicon, that is the deposited uppermost layers of silicon, typically 
in the order of microns thick, has been used to overcome problems with as- 
grown CZ wafers. In other words, as the thickness in the epitaxial silicon 
increases, given that this layer can be grown in a defect-free manner, it can 
be used as a site for the electric device without fear of contamination in the 
bulk wafer affecting the activity of the device. However it is not always 
possible to use an epitaxial layer of sufficient thickness for this activity and 
where the epitaxial layer is thin then defects in the bulk wafer can interfere 
with the electrical device. Moreover, epitaxial layers suffer from problems 
of metal contamination. 

Several techniques already exist for the detection of defects in as-grown 
material, these include wet chemical etching in order to reveal flow pattern 
defects; light scattering topography where the topography of the surface wafer 
is examined using light to detect undulations which in turn are indicative of 
defects in the sub-structure; and transmission interference contrast microscopy 
where the transmission of light through the wafer is examined and the phase 
shift due to small path changes is used to image defects in the wafer. All of 
these techniques are used to measure the physical presence of defects in the 
wafer. However they do not measure the electrical properties of the defects 
and moreover in some cases they are destructive. Accordingly, as techniques 
for determining the structural integrity of a wafer they are lacking in terms 
of the information they provide and moreover they can be positively 
destructive. 



Photoluminescence (PL) spectroscopy is a very sensitive technique for 
investigating both intrinsic and extrinsic electronic transitions at impurities 
and defects in semiconductors. When silicon is excited at low temperatures 
with laser irradiation above the band-gap of the material, electron hole pairs 
are produced. These carriers can recombine in various different ways, some 
of which give rise to luminescence. The electron hole pairs formed at low 
temperature can be trapped at impurities in silicon and they emit photons 
characteristic of this interaction, thereby giving impurity specific information 
in the photoluminescence spectra. There are a significant number of 
applications of PL spectroscopy to silicon including characterisation of silicon 
after different processing steps, characteristic of device fabrication for 
example implantation, oxidation, plasma etching, the detection of point defect 
complexes and the presence of dislocations. One of the most important 
applications includes the non-destructive measurement of shallow donors and 
acceptors such as arsenic, boron and phosphorous. Notably, this technique 
enables the measurement of the concentration of these shallow doners and 
acceptors. However, in all these applications in order to obtain this spectral 
information and unambiguous chemical identification of the optical centres, 
measurements need to be carried out at liquid helium temperatures. It is 
known throughout the industry that at room temperature the PL signal is 
significantly weakened and very little useful spectral information can be 
obtained. 

We are aware of one set of experiments only which describe use of PL 
spectroscopy at room temperature (Mapping of Micro Defects in Silicon 
Crystals by Photoluminescence at Room Temperature; Semiconductor Silicon 
1990, Proceedings Volume 90-7, pages 994-1004). Although this paper 
demonstrates both deep-level PL and band-edge PL are detectable in silicon 



wafers at room temperature it is of note that the technique used involved 
obtaining spectral information and so spatial resolution was constrained and 
the time involved was high. This effectively limits the successful use of this 
technology. This is unfortunate because room temperature PL is ideal for 
non-destructive examination of the recombination properties of defects. 

However, our investigations have lead us to develop a PL technique which 
has industrial application in that it enables the spectral image to be produced 
within minutes. Moreover, our technique also has a further added advantage 
in that we are able to obtain a micro image of small individual defects near 
to the surface of the wafer; this is in contrast to the aforementioned PL room 
temperature technique which tends to produce a macro view of large defect 
clusters deep into the wafer. 

Our technique can be described having regard to the following information. 

The intensity of the PL intensity I PL> as a function of the laser beam position 
(x,y), is given by: 

I?L(x,y) = kjA R f Ti An d 3 (D 

Where k is the proportionality factor to allow for experimental parameters 
such as light collection efficiency, detector quantum efficiency. A and are 
correction factors for absorption losses, inside the material (A) and reflection 
losses at the surface (R^).- t\ is the internal quantum efficiency of the 
semiconductor, An is the excess carrier density and d 3 is the volume of 
material emitting light. 



The defects alter the recombination properties of the carriers which is 
observed as a change in intensity in the PL image. We define the PL 
contrast C, as follows: 

C(x.y)= v ; ^ " (2) 

where I PL ( ) is the intensity far away from the defect, and I^fey) at the 
position x,y. 

When excess electron-hole pairs are produced in Si by above band gap 
excitation, recombination can either be radiative (emit light) or non radiative. 
The total recombination rate is expressed by the sum of two rates: 

R = Rn- Ror O 

and the internal quantum efficiency, r| of the semiconductor is given by: 

77 = —^- (4) 

-Rrr T" JRnr 

When the photoluminescence images are obtained any variations observed in 
the PL signal could be due to the spatial variations of both and 

The recombination behaviour of the defect depends on the position of the 
levels in the band gap (deep or shallow) and on the carrier capture cross 
sections. At low injection levels the recombination rate is limited by the 
availability of the minority carriers, whereas at high injection levels, where 
the injected charge exceeds the equilibrium carrier concentration, the 
recombination rate is limited by the number of traps. Therefore increasing 



the injection level leads to enhanced recombination at the defect. 

Shockley-Read-Hall theory is a mathematical model which can be used to 
correlate the recombination properties of the defect to the carrier lifetime, 
which is in turn universally proportional to the PL intensity in the defect 
region. The application of Shockley-Read-Hall theory to the dependence of 
the defect contrast in the PL images on injection level enables us to obtain 
some qualitative information on the recombination properties of defects in Si. 
Under high excitation conditions we utilise out software program to calculate 
the excess carrier density by numerical modelling. This enables us to 
understand the influence of surface recombination and carrier lifetime on the 
defect behaviours under different excitation conditions. 

By measuring linescan profiles across the defect observed in the PL image 
and then using a computer simulation program, information on the 
recombination properties of the defect is obtained. In addition, the variation 
of contrast and lifetime with injection level allow us to distinguish between 
deep and shallow centres and to investigate their recombination properties. 

It is therefore an object of the invention to provide a photoluminescence 
technique which can be undertaken at room temperature and which provides 
information concerning defects in a semiconductor wafer at a rate appropriate 
to industrial use and/or which enables us to visualise defects in the upper 
regions of the wafer and in particular near to the surface of same. 

It is a further object of the invention to enhance non radiative recombination 
of electron hole pairs at defects in a semiconductor or silicon structure with 
a view to enhancing contrast in a PL image of said semiconductor or silicon 
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structure so as to enhance the viewing of defects in same. 

In its broadest aspect the invention is based on collecting luminescence from 
a semiconductor or silicon structure under variable excitation conditions the 
defects being observed due to a reduction in the carrier lifetime at the 
- 5 location of the defect and/or an increase in non radiative recombination of 
electron hole pairs at the site of the defect. 

We therefore use a high injection level laser in the method of the invention 
and defects are detected due to the local change in carrier lifetime at the 
defect. These defects are observed as darkened regions at the physical 
10 position of the defect. 

The non radiative recombination at the defects is enhanced by increasing the 
injection level so that it is not limited by the availability of minority carriers. 
By measuring the recombination properties of the defect as a function of 
injection level one can distinguish between deep and shallow centres. This 
15 method thus enables for the determination of spacial distribution and density. 

We believe the success of our method is, in part, due to the probing volume 
of our laser being small (spatial resolution 0.1-20//m, ideally 2-5 jum) and 
therefore localised defects have much greater effect on the measured PL 
intensity. We also believe our method is successful, in part, because since 
20 the excitation is focused the injected carrier density is high. This greatly 

increases the probability of non-radiated recombination at the defect and -<* 
hence physical location of the defect. 

According to a first aspect of the invention there is therefore provided a 
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method for enhancing spacial and depth resolution in a semiconductor or 
silicon structure which method comprises exposing said semiconductor or 
silicon structutre to a high-intensity laser and then determining the 
photoluminescence of same. 

5 Reference herein to a high-intensity laser is meant to include, without 
limitation, a high power density laser i.e. where regardless of the power of 
the laser the emittance is focused. 

We have discovered that carrier diffusion lengths are greatly reduced under 
high injection laser conditions, the result of this is that the effective sampling 
10 depth is largely determined by the excitation laser penetration depth which 
is turn determined by the wavelength of the excitation source. By using a 
short wavelength near surface defects can be examined. Conversely longer 
wavelengths can be used to look at defects deeper in the sample. 

In a preferred method of the invention we use a pulsed laser excitation source 
15 and ideally measure the luminescence images as a function of time. This 
means that both depth and spatial resolution are improved. We have found 
that the near surface region is advantageously investigated by sampling the 
PL signal over a short time interval. This not only improves depth resolution 
but also enhances spatial resolution and can be used to obtain information on 
20 the carrier capture cross sections of the defects. Time resolved measurements 
can also be used to measure the effective carrier lifetime and obtain lifetime 
maps. 

In a further embodiment of the invention confocal optics are used to obtain 
depth discrimination of the defects by exciting a large volume of said 



semiconductor with a laser and collecting images from a series of focal 
planes. 

According to a further aspect of the invention there is provided a method for 
identifying defects in a semiconductor or silicon structure comprising 
exposing said semiconductor or structure to a high intensity beam of light 
characterised by a spot size of between 0,1mm - 0.5 microns and a power of 
between 10 4 to 10 9 watts/cm 2 ; and collecting luminescence from the wafer so 
as to observe defects in same. 

Using either method of the invention it is possible to image defect 
distribution in part processed and bulk silicon. The method has application 
in determining defect distribution in all semiconductors and also for 
determining density and spacial distribution and measuring defect 
recombination of semiconductors. 

According to a yet further aspect of the invention there is provided an 
apparatus for undertaking photoluminescence imaging of a semiconductor or 
silicon structure characterised in that it comprises a high-intensity laser. 

In a preferred embodiment of the invention said laser is modulatable so as to 
adjust the wavelength excitation of same thereby enabling a user of said 
apparatus to sample said semiconductor or silicon structure at different 
depths. For example, a short wavelength may be used to sample near the 
surface of the said semiconductor or structure and a longer wavelength to 
look deeper into the semiconductor or structure. 

In yet a further preferred embodiment of the invention said apparatus is 
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provided with means to enable pulsing of said laser and ideally also for PL 
images to be obtained as a function of time. 

In a yet further preferred embodiment of the invention said apparatus is 
provided with means for modulating said laser at high frequencies (0.1-100 
Mhz) thereby enabling a user of said apparatus to sample said semiconductor 
or silicon structure at different depths. 

In yet a further preferred embodiment of the invention said apparatus 
comprises a laser of a spot size of between 0.1mm and 0.5 microns and/or a 
power density of between 10 4 to 10 9 watts/cm 2 . 

In yet a further preferred embodiment of the invention said apparatus 
comprises confocal optics which is used to obtain depth discrimination of the 
defects by exciting a large volume of said semiconductor with a laser and 
collecting images from a series of focal planes. 

An embodiment of the invention will now be described, by way of example 
only, with reference to the following Figures wherein: 

Figure 1 is a PL image of as-grown defects in CZ silicon, scan area 1mm x 
1mm using the apparatus of the invention; 

Figure 2 is a PL image of as-grown defects in GZ silicon after iron 
contamination at 1 x 10 n atoms.cm" 3 , scan area 1 mm x 1 mm using the 
apparatus of the invention; 

Figure 3 is a PL image of oxygen precipitates in annealed silicon, scan area 
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1 mm x 1 mm using the apparatus of the invention; 



Figure 4 is a PL image of nickel silicide precipitates in CMOS processed test 
wafer, scan area 500 fjm x 500 /jm using the apparatus of the invention; 

Figure 5 is a PL image of copper silicide precipitates in CMOS processed test 
wafer, scan area 100 /-an x 100 /an using the apparatus of the invention; 

Figure 6 is a PL image of copper silicide precipitates in CMOS processed test 
wafer, a) high injection, b) low injection, scan area 37 /on x 39 /an; 

Figure 7 is a micrograph of LOCOS test structure, scan area 120 /zm x 60 
/-on using the apparatus of the invention; 

Figure 8 is a PL image of LOCOS test structure revealing a high density of 
dislocation, scan area 120 /zm x 60 /on using the apparatus of the invention. 
The dark line on the right hand side of the image shows the region of high 
dislocation density; and 

Figure 9 is a diagrammatic illustration of an apparatus in accordance with the 
invention. 

Referring to the figures and firstly to Figure 9 there is shown a diagrammatic 
illustration of an apparatus in accordance with the invention. 

The apparatus essentially comprises a PL imaging microscope which, towards 
the right hand side, comprises a bank of lasers 3-8, towards the bottom 
comprises a sample stage such as an X-Y table or R-0 table, towards the left 
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hand side comprises a microprocessor 40 and a display screen 39 and in the 
centre of the Figure there are shown various optical components for directing 
light through the system. 

In the embodiment shown in Figure 9, six lasers are provided with a view to 
5 probing different depths in the sample. However, it is within the scope of the 
invention to use only one laser, or indeed to use a greater number of lasers. 
In any event, at least one of the lasers is a high intensity laser and ideally has 
a spot size of between 0.1 mm and 0.5 micron and a power density of 
between 10 4 to 10 9 watts/cm 2 . A laser selector 16 coupled with said bank of 
10 lasers is provided so as to select one or more lasers for use and further also 
to select the frequency and wavelength of the lasers. 

Conventional optics, such as optical fibres 9 are used to direct light towards 
the collimater to 10 and laser beam expander 11. An apodization plate 12 is 
positioned between laser beam expander 11 and beam splitter 31. Beam 
15 splitter 31 directs a fraction of light from the aforementioned lasers towards 
sample 2 via objective 34. 

An automatic focus controller 30 is provided and coupled to a piezo driven 
focusing stage 33. The microscope is equipped with a conventional rotating 
turret 36 which is provided with at least one high numerical aperture 
20 objective for micro examination and one low numerical aperture objective for 
macro examination 34,35 respectively. In addition, also coupled to turret 36 
there is provided an optical displacement measuring system 38. 

Cabling is provided so as to connect the automatic focusing controller 30 to 
microprocessor 40 and also a microscope objective indexing arrangement 32 



to microprocessor 40. 
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Downstream of beam splitter 31 there is provided as filter wheel 13 for laser 
notch filters, down stream thereof there is provided a swing-aside folding 
mirror 14 whose function will be described hereinafter. Aligned with said 
5 mirror 14 there is provided a filter wheel 27 for wavelength selection, and 
rearward thereof there is provided a zoom lenses attached to a suitable CCD 
2-D array detector 29. 

Infinity system compensating lens 37 is provided in the optical path foremost 
of cold mirror 17 which reflects light towards a further filter wheel 23 for 
10 wavelength selection and a focusing lenses 24 which is foremost of a detector 
25 for UV and visible light. Detector 25 is coupled to lock-in amplifier 26. 
This is used to obtain a reflected image of the surfaces. 

Rearmost of cold mirror 17 is provided a further filter wheel 18 again for 
wavelength selection, and rearmost thereof a focusing lens 22 and a further 
15 aperture wheel 19 for pinhole selection which is provided foremost of a 
detector 2 1 for detecting the luminescence. 

Both the UV and visible region detector 25 and infrared detector 21 are 
coupled to lock-in amplifier 26. 

Operation of the system is explained having regard to the following. 

20 A range of wavelengths to probe different planes in the sample is provided 
by several lasers (3-8). The lasers can be modulated by a frequency 
generator (16) so that the signal emitted from the sample (2) can be isolated 
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from background radiation by means of the detectors being synchronised to 
the laser modulation frequency by the lock-in amplifier (26. In a further 
embodiment, the range of wavelengths could be produced by using a tuneable 
laser and/or an Optical Parametric Oscillator. Each laser is connected to, and 
5 aligned with, a Multi-branch optical fibre (9) so that any or all of the lasers 
can illuminate the sample (2). The common end of the Multi-branch optical 
fibre terminates in an optical system (10) which collimates the emerging 
light. This optical system is aligned with a beam expander 911) which 
matches the laser beam's diameter to that required by the microscope 
10 objectives (34,35) above the sample (2). The expanded beam then passes 
through an apodization plate (12) which distributes the optical energy evenly 
over the beam area. 

The expanded and apodized beam is reflected by a beamsplitter (31) and 
passes to the microscope objectives (34 and 35). The beam is focused by a 

15 microscope objective (34 or 35) on to the sample. In the micro mode this 
objective is selected to focus the beam to a diffraction limited spot size. A 
rotating turret (36), operated by an indexing mechanism (32), permits the 
objective to be changed for the macro mode where a larger area of the 
sample can be illuminated. In a further embodiment the apodization plate 

20 (12) can be removed so that the spot for the micro mode can be made smaller 
to allow higher injection levels. 

An optical displacement sensor (38) measures the distance to the sample and, 
by means of a feedback loop through the antifocus controller (30), maintains 
the correct spacing by means of the piezo actuated focusing stage (33). 

25 The Photoluminescence signal from the sample is collected by the microscope 
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objective (34) (in the micro mode) and transported back through the 
beamsplitter (31) and a notch filter in the filter wheel (13) which contains 
notch filters matched to the range of laser wavelengths. The notch filter 
removes any reflected laser light, passing only the Photoluminescence signal. 

The folding mirror (14) is swung out of the beam allowing the signal to pass 
to the tube lens (37), which may be incorporated to compensate for any 
infinity microscope objectives which may be used, and on to the cold mirror 
(17). This component reflects those wavelengths below a selected cut off 
point (approximately 700 nm) to the focusing lens (24) which focuses the 
signal into the detector (25). A filter wheel (23) in front of the detector 
focusing lens (24) contains filters to isolate selected wavelength bands. 

The portion of the Photoluminescence signal lying in the wavelength range 
above the cut-off point passes through the cold mirror (17) and is similarly 
focused by the lens (22) into the detector (21). This signal also passes 
through a filter wheel (18) containing filters to isolate selected wavelength 
bands. 

A series of pinholes of different diameters are contained in an aperture wheel 
(19) positioned in front of the detector (21). This aperture wheel can be 
moved axially by the piezo actuator (20) so that the pinholes can be 
positioned confocally with the desired image plane. By this means, planes 
at different depths in the sample (2) can be imaged to provide accurate depths 
information. 

The electrical signal from the detectors (21,25) is fed to the lock-in amplifier 
(26) where it is synchronised with the modulation frequency of the laser (3-8) 
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by means of a reference signal from the frequency generator (15). The 
electric signal is then fed to the central processor (40) for analysis. The PL 
image is obtained by raster scanning the stage. Alternatively optical scanning 
using galvo mirrors may be employed. 

5 In an alternative micro mode of operation, the folding mirror (14) is swung 
into the beam of the Photoluminescence signal. The diverted signal passes 
through a filter wheel (27), which contains filters to isolate selected 
wavelength bands, and into the zoom lens (28). The zoom lens allows 
different magnifications to be used in imaging the illuminated spot on the 
10 sample (2) on to the CCD two dimensional array (29). This allows the 
illuminated area of the sample (2) to be imaged at different resolutions. The 
electrical signal from the CCD array is fed to the central processor (40) for 
analysis. 

Using the aforedescribed apparatus of the invention investigations were 
15 undertaken in order to visualise defects in semiconductors and the results of 
these investigations are shown in Figures 1-8. The images are unique and 
cannot be obtained by any other method at room temperature. Generally, it 
can be seen that use of the equipment enables localisation and 
characterisation of defects in semiconductors. This enables one to more 
20 efficiently screen wafers for device fabrication and so safeguard against the 
production of defective semiconductors. 

It can therefore be seen that the invention provides an apparatus and a ~* 
method for imaging defects in a semiconductor or silicon structure which 
enables the defects to be imaged so that the density and spatial distribution 
25 of same can be determined. 
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j F!CTrq 3. PL image o f oxygen precipitates In annealed Si 
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Figure 4. PL image of Ni silidde precipitates in CMOS processed teat wafer 
Scan area 500 x 500 jim 
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Figure 5m PL image of Cu zfiiddc precipitates in CMOS processed test wafer 
Sera area 100 x 100 jua 
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FT-nre S- PL image n/TL QCQS test rtmctnrg rcveaiing a high density of dislocations 

Scan area 120 x 50 pm. The dark line on the right hand side of die image show* the region of 

high dislocation density. 
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Figure 9 
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